Thomas et al., 2000, Soc. Neurosci., abstract) or to disparity variations. Therefore, TEs neurons code not only 2D but also 3D object attributes.
with random dot textures were presented while the animals performed a passive fixation task. All neurons were subjected to an initial two-step testing procedure, as described in Janssen et al. (1999b) . After a preliminary search test with four different depth profiles (concave, tilted, sinusoidal, and gaussian; see Experimental Procedures), each neuron was tested with two pairs of 3D shapes and monocular presentations to the left or right eye. The members of a pair utilize the same monocular images. A total of 137 of 216 responsive units (63%) showed selectivity for 3D shape. Of these 3D shapeselective neurons, 104 were subsequently tested by presenting the two members of a pair of 3D shapes at five different positions in depth (position-in-depth test).
Position-in-Depth Test
A neuron was classified as responsive to the spatial variation of disparity, i.e., selective for higher-order disparities, if at no position did the response to the nonpreferred 3D shape significantly exceed any response to the preferred 3D shape (80 of 104, or 77% of the neurons tested). A clear example is shown in Figure 1A In the initial test with monocular controls, the neuron ure 3A; a negative index indicates a larger response to the nonpreferred 3D shape). Thus, the SI w provides a responded selectively to the convex 3D shape (replicated in the position-in-depth test at positions 3 and 3Ј worst case measure of the 3D shape selectivity in the position-in-depth test. Figure 3C shows a scatter plot in Figure 3A) . However, presentation of the "preferred" depth profile behind the plane of fixation evoked no of the two selectivity indices for both zero-order neurons (in which, by definition, the SI w was significantly less activity (positions 4 and 5), whereas presenting the "nonpreferred" 3D shape in front of the plane of fixation than zero) and higher-order neurons. The SI w for higherorder neurons never exceeded Ϫ0.33, whereas for zero-(position 1Ј) resulted in significant responses (analysis of variance [ANOVA], position ϫ stimulus interaction: order neurons, the index was always smaller than Ϫ0.33. In contrast to our previous study (Janssen et al., 1999b), F[4, 70] ϭ 18.14, p Ͻ 0.0001). Apparently, the 3D shape selectivity of this neuron resulted from a relative prefera substantial proportion of the higher-order neurons (27%) remained selective at all five positions in depth ence for near disparities, which were present in the central part of the original convex stimulus but absent in (e.g., the neuron in Figure 1A ). Post hoc tests computed at each position in depth revealed that on average, the the original concave 3D shape. This interpretation was confirmed by presenting a flat shape at five positions selectivity for 3D shape was significant at four of five positions. in depth ( Figure 3B Clearly, the neuron was selective for small differences in 3D structure but was also sensitive to the magnitude of the disparity variation. Figure 4B shows a neuron in which the high disparity magnitudes elicited relatively weak but selective responses to the concave 3D shape. As the magnitude decreased, the response rate of the neuron actually increased ( the entire population of neurons tested as a function of the disparity magnitude. Since all tuned responses Selectivity for Small Differences in 3D Structure average out, only the decline in response rate remains. Sixty-four higher-order neurons were tested with differHowever, it is evident that the greatest difference beent disparity magnitudes, i.e., the range of disparity contween the responses of two consecutive magnitudes tained in the stimulus. The smallest magnitudes equaled occurs between ϩ1 and Ϫ1, i.e., where the 3D structure 0.06 deg for the tilted and the sinusoidal depth profiles changed from convex to concave (or vice versa). In this and 0.03 deg for the concave and the Gaussian depth transition, the difference in disparity magnitude was very profiles. Examples of the monocular images in this test small (0.06 deg or 0.12 deg), yet the difference in normalare illustrated above the PSTHs in Figure 4 . The neuron ized response averaged 42% of the response to the illustrated in Figure 4A responded strongly and selectively to the convex 3D shape with a large magnitude optimal magnitude, which was significantly greater than parity, equal to the disparity magnitude in the original Twenty-five neurons were also tested with a flat shape 3D shape, at different positions along the vertical axis at zero disparity, lying halfway between the 3D struc-( Figures 6B and 6C ). tures of the preferred and the nonpreferred 3D shapes Figure 7A shows a neuron selective for a disparity at the lowest disparity magnitude. The mean normalized gradient. The linear approximation of the tilted 3D shape response to the flat shape (33% of the response to the corresponds to a disparity gradient. Clearly, the selectivoptimal disparity magnitude) differed significantly from ity of the neuron was almost identical for the two 3D pairs the response to the preferred 3D shape with the smallest (post hoc test, ns), and even the discrete approximations disparity magnitude (54%, post hoc test, p Ͻ 0.001) but resulted in significant selectivity (post hoc test, p Ͻ was similar to that of the nonpreferred 3D shape (23%, 0.01). Overall, 11 of 45 neurons tested (24%) were as post hoc test, ns).
selective to the linear change of disparity as to the original pair, i.e., were first-order disparity selective. Since First-and Second-Order Disparity Selectivity the search stimuli all contained second-order disparitWe investigated whether 3D shape-selective TEs neuies, and half of them contained opposing first-order disrons are selective for first-or second-order disparity parities (e.g., the upper and lower part of the concave variations. Selectivity for first-order disparities would 3D shape; Figure 4A ), this proportion is likely to be an imply the coding of a linear spatial change in disparity underestimation of the real proportion of first-order dis-(disparity gradient), while second-order disparity selecparity-selective neurons. Figure 8A plots the absolute tivity would mean that the neurons code the change of response difference for the first-order stimuli against the disparity gradient over the surface of the shape the response difference for the original 3D shape pair. (disparity curvature; Figure 6A) . A second goal of this First-order neurons cluster along the diagonal. Note that experiment was to determine to what extent a smoothly a large proportion of the second-order neurons discurved surface is necessary for 3D shape selectivity. played no selectivity for the first-order stimuli, whereas Thus, in the disparity order test, each neuron was tested others did show first-order selectivity. Moreover, some with the original preferred and nonpreferred 3D shapes, second-order neurons responded strongly-though less first-order stimuli, and various approximations of these selectively-to the first-order stimuli ( Figure 8B ). shapes. The first-order stimuli consisted of leastOf the higher-order neurons, 76% (34 of 45) were sigsquares approximations of the upper or lower parts of nificantly more selective for the original 3D shapes than the original 3D shape, which were extrapolated over the for the first-order stimuli. These second-order neurons entire surface of the shape. The linear approximation of required a spatial variation in the disparity gradient. The the second-order stimuli was a least-squares approxilargest subpopulation (16 of 34, or 47%) responded sigmation of the whole 3D shape and consisted of two nificantly more strongly to the original 3D shape than to connected parts of first-order disparity. Notice the subits linear approximation, i.e., were selective for a tle difference in 3D structure between the original 3D smoothly curved surface in depth. Since these neurons shape and its linear approximation. The disparity gradiwere apparently sensitive to the second spatial derivaents of the upper and lower parts of the linear approxitive of disparity over position (i.e., disparity curvature), mation are very similar to those of the original 3D shape they are referred to as curvature neurons. Figure 7B  (Figure 6B, left panel) . Therefore, the main difference shows an example of a curvature neuron responding strongly and selectively to the concave 3D shape. The between these two 3D shapes resides in the apex of the Figure 8C , the response differmuch weaker response (mean net response ϭ 7.3 ence for the linear approximations is shown as a function spikes/s compared with 32.8 spikes/s for the original of the response difference between preferred and non-3D shape, post hoc test, p Ͻ 0.0001), whereas the dispreferred original, curved 3D shape. Curvature neurons crete and first-order approximations did not activate the responded on average two and a half times less to the neuron at all. linear approximation than to the original 3D shape (for The second largest group (12 of 34, or 35%) consisted wedge neurons, this ratio equaled 1/1.05). Half of the of neurons that were equally responsive for the linear curvature neurons (8 of 15) displayed no significant seapproximation and the original 3D shape. These cells lectivity for the linear approximation (bottom symbols required second-order disparities, and did tolerate the in Figure 8C ). Curvature neurons began signaling differdisparity discontinuity at the edge of the shape but not ences between the 3D structures of the original and discrete steps in disparity. We refer to these cells as the linear approximation early in the response. These wedge neurons. For the neuron in Figure 7C , the linear differences reached significance at 100 ms after stimuapproximation elicited a response almost identical to lus onset and 20 ms after response onset (post hoc test, that of the original, smoothly curved 3D shape (mean p Ͻ 0.05). Given the high degree of similarity between net response ϭ 70.3 spikes/s and 72.1 spikes/s, respecthe gradients of the linear approximation and the original tively, post hoc test, ns). Responses to the discrete 3D shape (Figure 6B) , it is unlikely that other values of approximations of preferred and nonpreferred 3D shape disparity gradients would have produced more similar did not differ significantly, whereas the first-order apresponses to linear approximations and original, curved proximations yielded only weak and nonselective resurfaces. sponses (post hoc test, ns) . Again, second-order disparFor only six neurons (18%), the discrete approximations evoked a selectivity comparable to the original ities were critical for 3D shape selectivity, but the linear to the best discrete approximation is plotted against the response to the original 3D shape. Note that some wedge and curvature neurons gave similar responses to discrete and smoothly curved 3D shapes, as did the majority of the discrete neurons.
To exclude the possibility that an absence of selectivity for discrete approximations was a result of a nonoptimal disparity magnitude, we repeated the same test with a disparity magnitude of 0.06 deg for five neurons that had shown significant 3D shape selectivity at the smallest magnitude tested in the sensitivity test (0.03 deg). The 0.06 deg magnitude is the smallest magnitude for which the 3D structure of the original shape differs from that of its approximations. (A magnitude of 0.03 deg yields "discrete" stimuli for all conditions, since the disparity range equals only one pixel.) Surprisingly, these five neurons showed no selectivity for any of the discrete approximations (mean response difference ϭ 2.8 spikes/s, Wilcoxon matched pairs test, ns), in contrast to the large differences in the responses to the 0.06 deg magnitude of the smooth 3D shape pair (mean response difference ϭ 29.7 spikes/s, Wilcoxon matched pairs test, p Ͻ 0.05). This result shows that a nonoptimal disparity step size could not account for the poor selectivity for discrete stimuli. In addition, TEs neurons are not only sensitive for the direction of the disparity variation; they are also remarkably sensitive to the size of a discrete step in disparity.
We noted a distinction among the different subpopulations of higher-order neurons in the degree of stimulus selectivity for the original 3D shape. Although the group ϫ stimulus interaction failed to reach significance (F[3, 41] ϭ 2.18, p ϭ 0.05), curvature neurons tended to be more selective than all other types of neurons. The ratio of the mean net response to preferred versus nonpreferred 3D shape equaled 33.6 for the curvature neu- response of the neuron varied with the frontoparallel position (the net response was on average reduced by 68% in the eccentric presentations compared with the 3D shape. In these discrete neurons, the interaction center position), its preference for 3D shape remained between stimulus type and approximation (original, lininvariant, illustrating the dissociation between preferear, and discrete approximation) was not significant. ence and response levels typical of TE neurons. In Figure 8E , the response differences for the discrete For every neuron tested, we ranked the five positions approximation yielding the largest response are plotted according to the magnitude of the net response to the against the response differences between preferred and preferred 3D shape (defined at the best position). Figure nonpreferred original, curved 3D shape. As expected, 9B shows the mean net responses to preferred and discrete neurons fall above the diagonal, whereas curvanonpreferred 3D shapes as a function of position rank. ture and wedge neurons are located under the diagonal.
While eccentric presentations affected the mean reMany neurons showed no selectivity for the discrete sponse (average reduction of 30% compared with the approximations (response difference close to zero). In center position, which was the best position in 56% of three neurons, the 3D shape selectivity even reversed the neurons), 3D shape preference was preserved at the for the discrete approximations (arrowheads). The pepopulation level, even at the worst position (ANOVA on ripheral segments of the nonpreferred discrete approxithe worst position responses, F[1, 24] ϭ 21.6, p Ͻ 0.001). mation appeared at a disparity for which the neurons Furthermore, ten neurons (40%) were selective at every were tuned, as confirmed by presenting flat shapes at eccentric position tested. No correlation existed between the order of disparity selectivity and the number different positions in depth. In Figure 8F , the response interaction between size and curvature, caused by an absence of responses to the smallest size. The absence of tuned responses to the middle disparity curvature, however, prevented us from drawing any firm conclumany real world objects. Moreover, TEs neurons were sions about the relative contributions of protrusion/invomuch more affected by a change in the direction of lution and curvature to the neuronal selectivity.
curvature (e.g., from concave to convex) than by any other transition between consecutive magnitudes. The neural code is not strictly qualitative, however, since a Discussion sizeable proportion of the neurons were tuned for a particular disparity magnitude. It seems that the magniThe present study investigated how TEs neurons protude of the disparity variation is represented in a distribcess the 3D structure of shapes. We found that the uted code with a distinct sensitivity for the direction of neural representation of 3D shape is highly sensitive the disparity magnitude, which can be regarded as a to small disparity variations and that the population of nonaccidental shape property (Lowe, 1986). neurons displays zero-, first-, and second-order disparThis study provides the first evidence for the existence ity selectivity, including selectivity for disparity curvaof second-order disparity-selective neurons in the visual ture. As demonstrated for 2D shape ( that neurons in the caudal bank of the IPS respond the smallest disparity magnitude tested demonstrates a sensitivity sufficient to represent the 3D structure of selectively to the disparity-defined orientation in depth of a square plate, which could represent first-order dissurprising given the impressive selectivity for small differences in 3D structure displayed by these neurons. It parity selectivity. We demonstrated that neurons in a high-level area of the ventral visual stream are selective is important to note, however, that the position invariance of 3D shape preference in the frontoparallel plane for second-order disparities. Howard and Rogers (1995) have already speculated that the visual system may provides an additional argument against the possibility that TEs neurons are merely extracting a change in disextract second-order disparities to benefit from the fact that the local value of disparity curvature remains apparity at a particular position in the receptive field. In the size test, the average response to the smallest proximately constant for changes in viewing distance. It should be noted that the exact proportions of the size (2.8 deg) was reduced by 40% compared with the optimal size, which was only twice as large in vertical classes of higher-order neurons may have been different for a different set of stimuli. Also, these classes must extent. This size effect was very consistent for the relatively small number of neurons tested. It contrasts marknot be viewed as discrete categories, but more as a continuum from the relatively coarse 3D shape selectivedly with the size invariance reported for 2D shape. Ito et al. (1995) found that 21% of the lateral TE neurons ity of discrete neurons to the refined selectivity of curvature neurons. Our data suggest that the neuronal represhowed a decrease of Ͻ50% over a 32-fold size range (from 1.6 to 52.2 deg). This size dependency suggests sentation of disparity curvature may be finer than that of first-order disparities. In the sensitivity test, neurons that 3D shape selectivity requires a minimal spatial extent over which the disparity variation is computed. It responsive to the tilted 3D shape (which contained only a single first-order component; Figure 7A , top row) were is tempting to speculate that neurons in earlier visual areas would be less sensitive to second-order disparitsignificantly less often selective for the smallest magnitudes than were neurons responsive to the convex/conies, since the size of their receptive fields-especially the foveal ones-is much smaller than in TE (Gatass et cave or Gaussian depth profile. Similarly, the degree of stimulus selectivity in the disparity order test was al., 1988). Overall, the basic stimulus invariances for 2D shape have been replicated for 3D shape, but the smaller for first-order neurons than for curvature neurons ( Figure 8A) . extraction of disparity variations imposes specific constraints on the degree of invariance that can be obtained. The lower bank of the STS contained neurons selective for second-, first-, and zero-order disparities.
The neuronal selectivity for disparity-defined 3D structure was remarkably analogous to the performance Lower-order neurons are likely to provide the antecedent computations necessary for second-order selectivof human subjects in tasks requiring the discrimination of 3D structure. Note that stereothresholds for monkey ity. ). We observed a striking parallel with tolerate large steps in disparity. Note that, due to limitations in display resolution, even the smoothly curved 3D these psychophysical data, in that TEs neurons were much more strongly affected by a change in the direction shapes were composed of discrete segments separated in depth by a disparity of 0.03 deg, which implies that of curvature than by any other transition between two consecutive magnitudes. In addition, constant disparity these neurons do tolerate small steps in disparity. Also, a small number of higher-order neurons responded as gradients yield only weak apparent depth perception that can be easily overruled by conflicting monocular well to discrete approximations as to the original 3D shape, although their 3D shape selectivity was signifidepth cues (Stevens and Brookes, 1988) . The same phenomenon was observed at the single cell level, since the cantly reduced for discrete, compared with linear, approximations and the original 3D shape pair. These selectivity for first-order stimuli appeared to be coarser than for second-order disparities. neurons only signal differences in 3D structure for continuous surfaces ( Figure 8F) .
Norman et al. (1991) showed that human observers are very accurate in discriminating a (discontinuous) The results from the frontoparallel position test demonstrate that 3D shape preference can be preserved triangular wave (similar to our linear approximation) from a smoothly curved surface with the same overall shape, over frontoparallel changes in position, as described for 2D shape selectivity. However, the degree of response not unlike the selectivity for smooth stereoscopic surfaces we observed at the neuronal level (curvature neuinvariance for disparity-defined 3D shapes appeared to be less pronounced than that for 2D shapes. Horizontal rons). These authors suggested that the primary difference between the two stimuli lies in their second spatial displacement by 2.3 deg resulted in an average decrease of 30% in response, whereas for 2D features, derivatives, which are either undefined at the apex or zero everywhere else for the triangle wave, as opposed the decrease at 6.5 deg eccentricity averaged only 25% (Vogels, 1999) . This result suggests that selectivity for to the smooth surface, which is differentiable everywhere. disparity-defined 3D shape depends more upon foveal input than does selectivity for 2D shape, which is not
The effects of stimulus size and frontoparallel position tempt was made to optimize stimulus size. We determined the selec-16 mm anterior, 22 mm lateral). For monkey J., a CT scan obtained tivity for disparity-defined 3D shapes by comparing the responses with the guiding tube in two positions that contained responsive with the two members of a pair of 3D shapes. As a control, the neurons confirmed that the recording chamber was implanted at monocular images of each 3D shape were presented to the left and the targeted coordinates. In monkey L., the guiding tube position right eyes separately. For the majority of the neurons, the sequence was visualized directly with a copper sulfate-filled glass pipette in of tests, after 3D shape selectivity had been established, was as the MRI. The validity of these reconstructions was verified in two follows: position-in-depth test, sensitivity test, disparity order test, other rhesus monkeys, in which this procedure was compared with and frontoparallel position or size test. This procedure allowed us histological verification of the recording positions.
to adjust the disparity magnitude in the two final tests according to the response pattern in the sensitivity test.
Stimuli and Testing Procedure
The stimuli were disparity-defined 3D shapes filled with a texture Data Analysis and Tests Net neural responses were computed trialwise by subtracting the of random dots. We imposed 4 pairs of depth profiles onto each of eight simple 2D shapes (e.g., a circle, an ellipse, or the shapes number of spikes counted in a 400 ms interval immediately preceding stimulus onset from the number of spikes in a 400 ms interval depicted in Figure 4) . This procedure yielded a stimulus set consisting of 32 pairs of curved 3D shapes. The two members of a pair starting 80 ms after stimulus onset. An ANOVA was used to test the significance of the 3D shape selectivity (p Ͻ 0.05) or responsiveness of 3D shapes utilize the same two monocular images (Janssen et al., 1999b). By interchanging the two monocular images presented (split plot design; Kirk, 1968) . To compare the responses with members of a pair of 3D shapes, we used a post hoc least significant to the right and left eyes, one creates two 3D shapes that differ only in the sign of their binocular disparity. Perceptually, however, the difference test. 3D shape selectivity was judged not to arise from purely monocular mechanisms if the difference in response between members of a pair differ dramatically, since concave surfaces become convex. the dichoptic presentations was at least three times the difference between the sum of the responses to the two monocular presentaThe stimuli were presented dichoptically by means of a double pair of ferroelectric liquid crystal shutters, which were placed in tions (Janssen et al., 1999b).
In the position-in-depth test, the preferred and nonpreferred 3D front of the monkeys' eyes. Each shutter closed and opened at a rate of 60 Hz, synchronized with the vertical retrace of the monitor shapes were presented at five different positions in depth, ranging from Ϫ0.5 deg (near) to ϩ0.5 deg (far) disparity in equal steps. The (VRG digital multisync monitor with P46 ultrarapid decay phosphor). Stimulus luminance measured on the display equaled 43 cd/m 2 , selectivity index (SI m ) for the middle position in the position-in-depth test was defined as (response to the preferred 3D shape Ϫ response whereas measuring behind the shutters operating at 60 Hz, this
